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Abstract

A unique bimetallic, nano platinum (Pt) with nano gold (Au) on nafion (NF) incorporated with functionalized multiwall carbon
nanotubes (f-MWCNTs) composite film (f-MWCNTs–NF–PtAu) was developed by the potentiostatic method. The composite film
exhibits promising efficient catalytic activity towards the oxidation of mixture of biochemical compounds and simultaneous measurement
of ascorbate anion, epinephrine and urate anion in aqueous buffer solution (pH 6.75). Both, the cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were used for the measurement of electroanalytical properties of neurotransmitters by means of composite film
modified electrodes. Well-separated voltammetric peaks were obtained for ascorbate, epinephrine and urate anions with the peak
separations of 0.222 and 0.131 V. The composite film can also be produced on gold and transparent semiconductor indium tin oxide
electrodes for different kinds of studies such as electrochemical quartz crystal microbalance (EQCM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM). The incorporation of Pt and Au onto the f-MWCNTs–NF was revealed by the EQCM
technique and the morphology of the film was studied using SEM, AFM and scanning electrochemical microscopy (SECM) techniques.
Further, extensive studies were carried out using SECM for obtaining the surface current topographic images of composite film modified
electrodes, and these indicated the presence of f-MWCNTs–NF–PtAu composite film on the electrode.
� 2007 Elsevier Inc. All rights reserved.
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Electrochemically functional nanoparticles and carbon
nanotubes (CNTs)1 films have been of great interest for the
past decade in electrocatalytic reactions because of their
unique chemical and electrochemical properties. Previous
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studies revealed that intensive research has been carried
out on the fabrication of sensor devices using nano platinum
(Pt) and nano gold (Au) particles [1,2]. On the one hand,
numerous methods have been used for the modification
and application of Pt in electroanalysis; an example is the
monolayers of phosphododecatungstate, where Pt tends to
activate them towards the efficient electrocatalytic reduction
of oxygen in acidic medium [3]. On the other hand, several
steps have been taken to prepare nano Au using sol-gel, the
dip-coating techniques for electrocatalysis applications.
Willner and coworkers explored the possible use of an Au
array for the construction of an electrochemical sensor with
an extraordinary electrocatalytic property toward the elec-
trochemical reduction of molecular oxygen in acidic media
[4]. In addition, both Pt and Au were used for the selective
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determination of a few biochemical compounds [4–7]. Previ-
ously, the combinations of Pt and Au were prepared by
chemical reduction of their corresponding metal complexes
bound by the ion exchange [8] where, the method of size
sorting was based on K2BSPP [9]. However, CNTs showed
interesting electrocatalytic activity for both bioorganic and
inorganic compounds such as glutathione and IO3

� [10–
13]. In addition, CNTs were used for the methanol oxidation
in the fuel cells, detection of insulin, and other biosensor
applications. Their wide variety of applications has created
great interest in the electrocatalysis field [14–16]. Even
though the electrocatalytic activity of CNTs and nanoparti-
cle films shows good results individually, some of the bio-
chemical compounds do not undergo electrocatalysis. To
overcome this difficulty, new studies have been developed
for the preparation of composite films that were composed
of both CNTs and nanoparticles. These composite films pos-
sess some unique interesting properties and enhanced elect-
rocatalytic activity [17–19]. The rolled-up graphene sheets
of carbon (i.e., CNTs) exhibit a p-conjugative structure with
a highly hydrophobic surface. This unique property of the
CNTs allows them to interact with some organic aromatic
compounds through p–p electronic and hydrophobic inter-
actions to form new structures [20–22]. Past attempts were
made for the preparation of sandwiched films used in the
designing of nanodevices with the help of noncovalent
adsorption of enzyme and proteins on the side walls of
CNTs, resulting in novel CNT-based nanostructures con-
taining biochemical units [23–25]. Electrodes modified with
composite films were widely used in capacitors, batteries,
photoelectrochemistry, fuel cells, chemical sensors, and bio-
sensors [26,27]. Besides CNTs and nanoparticles, there were
other interesting polymer materials, one of which is nafion
(NF). Due to the presence of a sulfonated group in NF and
its strong acidic character, it has been used as a solid catalyst
in organic synthesis. Extensive studies already have been car-
ried out using hybrid thin films of CNTs–NF as well as Pt
modified electrodes prepared by the electrodeposition of Pt
on NF-coated glassy carbon (GC) electrode. Those film
modified electrodes were used for the electrocatalytic oxida-
tion of biochemical compounds [28–30].

Ascorbic acid (AA), as a constituent of the cell, has
momentous biological functions and is an analyte of great
importance because it is vital to immune response and
wound healing [31]. It is found in fruits, vegetables, and bev-
erages. Epinephrine (EP) is one of the important catechol-
amine neurotransmitters in the mammalian central
nervous system and plays a very important role in the func-
tion of central nervous, renal, hormonal, and cardiovascular
systems. Uric acid (UA) and other oxypurines are the princi-
pal final products of purine metabolism in the human body
[32]. Abnormal levels of UA are symptoms of several dis-
eases, including gout and hyperuricemia [33]. Furthermore,
the catecholamine drugs are used to treat hypertension,
bronchial asthma, and organic heart disease. They are used
in cardiac surgery and in the treatment of myocardial infarc-
tion [34,35]. The oxidation of these compounds is interesting
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because this process occurs in the human body. However,
AA, EP, and UA coexist in biological fluids such as blood
and urine. Due to its crucial role in neurochemistry and
industrial applications, several traditional methods have
been used for its determination. Among these, electrochem-
ical methods have more advantages over other methods in
sensing the neurotransmitters in living organisms [36]. How-
ever, electrochemical analysis of unmodified electrodes, such
as GC, has limitations because of the overlapping of oxida-
tion potentials of AA, EP, and UA that often cause a pro-
nounced fouling effect resulting in rather poor selectivity
and reproducibility [37,38]. Previous attempts were made
for the simultaneous determination of the neurotransmit-
ters, such as the determination of EP in presence of UA or
AA using meso-2,3-dimercaptosuccinic acid self-assembled
Au and self-assembled monolayer (SAM) modified Au elec-
trodes, respectively [39,40]. The simultaneous determination
of AA and UA was also reported previously [41].

The literature clearly reveals that there were no previous
attempts made for the synthesis of composite film composed
of CNTs incorporating NF with Pt and Au. In this article, we
report a novel composite film, f-MWCNTs–NF–PtAu,
made of functionalized multiwall carbon nanotubes
(f-MWCNTs) with NF, nano Pt, and nano Au as well as
its characterization and enhanced catalytic activity towards
biochemical compounds such as AA, EP, and UA, even at
very low concentrations. The film formation processing
involves modifying GC with uniformly well-dispersed
f-MWCNTs aqueous solution, coating with a uniform thin
layer of NF, and then electrochemically depositing bimetal-
lic Pt and Au from an aqueous solution mixture. The mor-
phology of the film was studied using the scanning electron
microscopy (SEM), atomic force microscopy (AFM) and
scanning electrochemical microscopy (SECM) methods. Ini-
tial studies showed that SECM is also a suitable technique
for imaging f-MWCNTs–NF–PtAu because of its compati-
bility with the imaging parameters. This new electrochemical
technique has shown great promise for studies of immobi-
lized biomolecules with chemical and biological reactions
at the electrode solution interface [42–44]. So, we also report
here the SECM imaging of f-MWCNTs–NF–PtAu compo-
site film by means of EP redox reaction.

Materials and methods

Apparatus

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were performed in an analytical system model
CHI-400 and CHI-900 potentiostat, respectively. A con-
ventional three-electrode cell assembly, consisting of an
Ag/AgCl reference electrode and a Pt wire counterelec-
trode, were used for the electrochemical measurements.
The working electrode was either an unmodified GC or a
GC modified with the composite films and all of the poten-
tials were reported versus the Ag/AgCl reference electrode.
The working electrode for electrochemical quartz crystal
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microbalance (EQCM) measurements was an 8 MHz AT-
cut quartz crystal coated with a gold electrode. The diam-
eter of the quartz crystal was 13.7 mm, and the diameter of
the gold electrode was 5.0 mm. The morphological charac-
terization of composite films was examined by means of
SEM (S-3000H, Hitachi) and AFM (CSPM4000, Being
Nano-Instruments). A commercial SECM (model 900,
CH Instruments) was also used to control the tip poten-
tials, obtain the approach curves, and measure the topo-
graphic current image of the composite film surface on
the modified GC. A Pt ultramicroelectrode (UME) of
7 lm diameter was employed as an SECM tip. The auxil-
iary and reference electrode for the SECM measurement
was a Pt wire and an Ag/AgCl (1 mol L�1 KCl) electrode.
All of the measurements were carried out at 25 ± 2 �C.

Materials

K2PtCl6, KAuCl4.3H2O, NF, and MWCNTs
(o.d. = 10–20 nm, i.d. = 2–10 nm, length = 0.5–200 lm)
were obtained from Aldrich. AA, EP, and UA were
obtained from Sigma–Aldrich and were used as received.
All other chemicals used were of analytical grade. The
preparation of aqueous solutions was done with doubly
distilled deionized water. Solutions were deoxygenated by
purging with prepurified nitrogen gas. Buffer solutions
were prepared from 0.5 M H2SO4 and phosphate buffer
(0.1 M NaH2PO4 and 0.1 M NaH2PO4) for the aqueous
solutions (pH 6.75).

Fabrication of f-MWCNTs–NF and f-MWCNTs–NF–PtAu

modified GCs

Difficulty in dispersing MWCNTs in a homogeneous
aqueous solution was an important challenge in its prepa-
ration. Briefly, following previous studies, the functionali-
zation of MWCNTs was done by weighing 10 mg of
MWCNTs and 200 mg of potassium hydroxide in a Ruby
Mortar and grained together for 2 h at room temperature
(25 ± 2 �C). Then the reaction mixture was dissolved in
10 ml of doubly distilled deionized water and was precipi-
tated many times in methanol for the complete removal
of potassium hydroxide. The obtained f-MWCNTs with
10 ml water were ultrasonicated for 6 h to get a uniform
dispersion. The functionalization of the MWCNTs was to
obtain hydrophilic natured MWCNTs for complete homo-
geneous dispersion in water [45]. A homogeneous low-con-
centration NF solution was prepared by dissolving 1 ml of
5 wt% NF in 5 ml water.
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Scheme 1. Stepwise fabrication of f-MW
Before starting each experiment, the GCs were polished
by a BAS polishing kit with 0.05 lm alumina slurry, rinsed
and then ultrasonicated in doubly distilled deionized water.
The GCs studied were uniformly coated with 6.4 lg cm�2

(6 ll) of f-MWCNTs and dried, and then, 2 ll of NF was
coated and dried at approximately 40 �C. The concentra-
tions of homogeneously dispersed f-MWCNTs and NF
were measured exactly using a microsyringe. The electro-
chemical deposition of nano Pt and nano Au was per-
formed using electrochemical reduction of the mixture of
K2PtCl6 and KAuCl4 Æ3H2O (1 · 10�3 M and 2 · 10�3 M,
respectively) on the f-MWCNTs–NF modified GCs in 0.5
M H2SO4 aqueous solution. It was performed by consecu-
tive cyclic voltammograms over a suitable potential range
of 1.5 to �0.15 V.

Results and discussion

Preparation of f-MWCNTs–NF–PtAu composite film and

its electrochemical characterization

The adsorption of NF on f-MWCNTs and then the elec-
trochemical deposition of the Pt and Au on f-MWCNTs–
NF to form f-MWCNTs–NF–PtAu composite film are
shown in Scheme 1. The bimetallic nanoparticles growth
of the CV current corresponds to two reduction peaks
for Pt and Au with the peak potentials Epc = 0.27 and
0.67 V, respectively, versus Ag/AgCl (see supplementary
material). The oxidation peak potential of Au was Epa =
1.05 V. The electrolyte solution used for electrodeposition
was 0.5 M H2SO4 aqueous solution, which is highly acidic
and facilitated the formation of nano-sized particles. The
formal potential Eo0 ¼ �0:09 V shows the hydrogen
adsorption and desorption because of the electrochemical
reduction of Pt complex during nano Pt formation. On
subsequent cycles, all the redox couples were found to be
growing. These results indicated that during the cycle, the
deposition of nano Pt and nano Au took place on GC
surface at suitable positive potential scanning. Before other
electrochemical characterizations, the prepared composite
film was washed carefully in deionized water for removing
H2SO4 that was present on the film. Then it was transferred
to 0.1 M phosphate buffer aqueous solution (pH 6.75) for
the other electrochemical characterizations in which the
biochemical compounds were more stable. The cyclic
voltammograms of f-MWCNTs–NF–PtAu composite film
in phosphate buffer solution at different scan rates up to
200 mV s�1 (see supplementary material) show that the
composite film formed in this way was stable at pH 6.75.
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Fig. 1. (A) Cyclic voltammograms of NF–PtAu (a), PtAu (b),
f-MWCNTs–NF–PtAu composite film (c) and f-MWCNT–PtAu (d) in
0.1 M phosphate aqueous buffer solution (pH 6.75). Scan rate: 100 mV
s�1. (B) Cyclic voltammograms of f-MWCNTs–NF–PtAu composite film
synthesized in 0.5 M H2SO4 aqueous solution on GC and transferred to
various pH solutions. The inset shows the formal potential versus pH.
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The anodic and cathodic peak currents of the composite
film redox couples increased linearly with the increase of
scan rates up to 200 mV s�1. This result demonstrated that
the redox process was not controlled by diffusion up to
200 mV s�1.

For a detailed comparison, the various films PtAu, NF–
PtAu, f-MWCNTs–PtAu and f-MWCNTs–NF–PtAu, as
shown in Fig. 1A, were prepared using 0.5 M H2SO4 aque-
ous electrolyte and were studied using the CV method in
0.1 M phosphate buffer solution (pH 6.75). The cyclic vol-
tammogram of NF–PtAu film (Fig. 1A, curve a), with two
peak currents of Ipc = 38.70 and 39.78 lA for Pt and Au
reduction, respectively, has a lower peak current magnitude
than that of f-MWCNTs–NF–PtAu composite film. Curve
b in Fig. 1A shows the cyclic voltammogram for nano
PtAu film only, where Ipc = 75.0 and 24.63 lA for Pt and
Au, respectively. By comparing curves a and b in
Fig. 1A, it is clear that the NF plays an important role in
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reducing the peak current magnitude of Pt, increasing
the reduction peak current of Au, and balancing the
reduction peak currents of both Pt and Au. Similar cases
were also found in f-MWCNTs–NF–PtAu (curve c) and
f-MWCNTs–PtAu (curve d). Among these, for curve c
the Ipc = 98.30 and 77.18 lA for Pt and Au, respectively,
and for curve d the Ipc = 133.50 and 63.07 lA for Pt and
Au, respectively. Furthermore, in curves c and d, the mag-
nitudes of the currents were higher than those of curves a
and b. These results show that due to the large surface area
of the f-MWCNTs, they play an important role in increas-
ing the current magnitude and activity of the composite
film. The oxidation peak current of Au, Ipa = �91.30 lA,
was also higher in curve c than in all other films. These
results show that the f-MWCNTs and NF enhance the
activity and the current magnitude of f-MWCNTs–NF–
PtAu composite film. This unique f-MWCNTs–NF–PtAu
composite film formed was characterized using electro-
chemical methods such as the CV, SECM, EQCM, and
microscopic methods.

Fig. 1B shows the cyclic voltammograms of
f-MWCNTs–NF–PtAu composite film synthesized in 0.5
M H2SO4 aqueous electrolyte and then washed with
deionized water and transferred to various pH aqueous
buffer solutions in the absence of K2PtCl6 and KAu-
Cl4Æ3H2O mixture. These cyclic voltammograms reveal
that the film was highly stable in the pH range between
1 and 13 and that the values of Epa and Epc depend on
the pH value of the buffer solution. Perhaps the peaks
involve an ion exchange; we suggest that the reduction
currents of the composite film include a proton transfer.
The inset in Fig. 1B shows the formal potential of
f-MWCNTs–NF–PtAu composite film plotted over a
pH range of 1 to 13 that has the slope of –60 mV/pH.
This slope value is close to that given by the Nernstian
equation for two electrons and two protons involved in
the redox reaction.

Incorporation of Pt and Au onto f-MWCNTs–NF composite
film through EQCM technique

The confirmation of the incorporation of Pt and Au
onto f-MWCNTs–NF composite film was made using
Fig. 2A, which shows the consecutive cyclic voltammo-
grams and EQCM results for f-MWCNTs–NF–PtAu com-
posite. The electrolyte solution used was 0.5 M H2SO4

containing the mixture of 1 · 10�3 M and 2 · 10�3 M of
K2PtCl6 and KAuCl4Æ3H2O, respectively. Fig. 2B indicates
the change in the EQCM frequency recorded during the
cycles of the consecutive cyclic voltammograms. The
increase in voltammetric peak current of composite redox
couple in Fig. 2A and the frequency decrease (or mass
increase) in Fig. 2B were found to be consistent with the
growth of Pt and Au film on the f-MWCNTs–NF modified
gold electrode. These results also showed that the obvious
deposition potential was started between 1.5 and –0.15 V.
From the frequency change, the change in the mass in
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Fig. 2. (A) Consecutive potential cyclic voltammograms of a gold
electrode modified from f-MWCNTs–NF–PtAu in 0.5 M H2SO4 aqueous
solution. The upper inset shows a plot of cathodic peak current versus
scan cycle (a) and every cycle of cathodic current change versus scan cycle
(b). The lower inset shows a plot of every cycle frequency change DF

versus scan cycle (a) and total frequency change DF versus scan cycle (b).
(B) EQCM frequency change responses recorded together with the
consecutive cyclic voltammograms between 1.5 and �0.15 V. Scan rate:
20 mV s�1.

Fig. 3. SEM images of NF–PtAu (A) and f-MWCNTs–NF–PtAu
composite film (B).
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composite film at the quartz crystal can be calculated by
the Sawerbery equation:

Mass Change ðDmÞ ¼ �0:5ðf �2
0 ÞðDf ÞAðKqÞ0:5 ð1Þ

where f0 is the oscillation frequency of the crystal, Df is the
frequency change, A is the area of gold disk, and q is the
density of the crystal. However, a 1-Hz frequency change
is equivalent to 1.4 ng of mass change. The mass change
during Pt and Au incorporation onto the f-MWCNTs–
NF modified gold electrode for total cycles was found to
be 20.51 lg cm�2. The upper inset of Fig. 2A indicates
the variation of cathodic peak current with the increase
of the scan cycles (curve a) and every cycle of cathodic peak
current with the increase of the scan cycles (curve b). The
lower inset of Fig. 2A indicates the variation of every cycle
of cathodic peak current with the increase of the scan cycles
(curve a) and frequency change with the increase of the
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scan cycles (curve b). In Fig. 2A, curve a in the upper inset
and curve b in the lower inset were found to be consistent
with a linear change in the growth of Pt and Au on the
f-MWCNTs–NF modified gold electrode. The modified
gold electrode was carefully washed with deionized water,
transferred to 0.1 M phosphate buffer aqueous solution
(pH 6.75), and then scanned between �0.2 and 1.1 V (see
supplementary material). By this EQCM result, the
increase and decrease in frequency of the gold electrode
during reduction and oxidation of Pt and Au were con-
firmed. Furthermore, the result reveals its property and
its interaction with oxygen.
Topographic characterization of f-MWCNTs–NF–PtAu

composite film using SEM, AFM, and SECM

NF–PtAu and f-MWCNTs–NF–PtAu composite films
were prepared on indium tin oxide (ITO) with conditions
and potential similar to that of GC and were characterized
using the SEM and AFM techniques. The top SEM view of
nanostructures of NF–PtAu in Fig. 3A on the ITO elec-
trode shows that nano Pt and nano Au were formed as
bright round-shaped, homogeneously dispersed particles
adhering to the surface. Fig. 3B is the f-MWCNTs–NF–
PtAu composite film on the ITO electrode and shows
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f-MWCNTs–NF with nano Pt and nano Au, an obvious
formation of composite film. The image indicates that the
particle size distributions of Pt and Au vary from 200 to
300 nm for Pt and from 50 to 80 nm for Au. Both the par-
ticles were distinguished by their size variation. Figs. 4A
and B depict the surface topographic images of NF–PtAu
and f-MWCNTs–NF–PtAu films, respectively, using the
AFM technique. In Fig. 4A, the large and small particle
structure formation shows the presence of both Pt and
Au on the NF–PtAu film. From the horizontal cross sec-
tion of the topographic images, we could clearly observe
that the thickness of NF–PtAu was approximately
110 nm and that of f-MWCNTs–NF–PtAu was approxi-
mately 210 nm. These results, and a comparison of Figs.
4A and B, show the obvious formation of f-MWCNTs–
NF–PtAu composite film. On the other hand, the three-
dimensional view, phase, and amplitude of the surface also
reveal that f-MWCNTs–NF–PtAu composite film is
thicker than NF–PtAu film (see supplementary material).
Finally, we could clearly observe the similarities between
the SEM and AFM images for both of the films.

SECM experiments were carried out using 7 lm Pt
UME in phosphate buffer aqueous solution (pH 6.75) con-
taining 1 · 10�3 M EP as the redox mediator. The tip
potential and substrate (f-MWCNTs–NF–PtAu) potential
were held at �0.2 and 0.3 V, respectively, versus Ag/AgCl.
Briefly, this technique was a scanning probe technique that
was based on faradaic current changes as the UME tip was
moved across the sample surface. The obtained images
Fig. 4. AFM images of NF–PtAu (A) and f-MWCNTs–NF–PtAu
composite film (B).
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depend on the sample topography and surface reactivity.
So, this technique could be used to examine differences in
electrochemical activity on the surfaces at high resolution
[46]. We were already aware that a frequent mode of
operation for SECM is the feedback mode, where only
the UME tip current is monitored. Fig. 5A depicts the
positive and negative feedback probe approach curves for
the f-MWCNTs–NF–PtAu film. Here the UME tip current
is perturbed by the presence of a substrate at close proxim-
ity by blockage of the diffusion of the film to the tip
(negative feedback) and by regeneration of the substrate
(positive feedback). This effect allows investigation of both
electrically insulating and conducting surfaces and makes
possible imaging of the surfaces and the reactions that
occur there. Figs. 5B and C show the SECM image and
three-dimensional view of the f-MWCNTs–NF–PtAu,
respectively, scanned over a 100 · 100 lm region using
UME in close proximity to the modified electrode surface.
Previously, similar results were shown for NF with CNT
composite samples [47]. In contrast, the bright regions
appearing in Fig. 5B represent higher UME tip current of
the f-MWCNTs–NF–PtAu film, where the rate of EP
regeneration was higher due to the facilitated electron com-
munication properties of the composite film. The green
region indicates the lower feedback current of the compos-
ite film area. The reaction mechanism for topographic
imaging (Scheme 2B) can be explained by the reduction
and regeneration of EP (oxidation product at the UME),
whereas the tip approached the conductive substrate,
leading to the positive feedback current at the UME tip.
The three-dimensional view was used to clearly show and
measure the high current regions of f-MWCNTs–NF–
PtAu composite film. Here the current increase was due
to the presence of f-MWCNT, NF, Pt, and Au in the com-
posite film. Fig. 5D shows a cross-sectional view of the oxi-
dation current of the f-MWCNTs–NF–PtAu film and
depicts the film current in a particular area showing a
broad curve and the other remaining as a straight line.
These data indicate the higher and lower oxidation currents
of EP at f-MWCNTs–NF–PtAu composite film modified
electrode surface. These results show that by using EP as
a redox mediator, we have scanned the topographic image
of f-MWCNTs–NF–PtAu composite film by SECM and
observed morphological structure similar to that of SEM
and AFM topography.

Voltammetric resolution and simultaneous determination of
AA in the presence of EP and UA using CV and DPV

The electrocatalytic oxidations of AA, EP, and UA were
performed separately, and the peak currents were found to
be 0.03, 0.28, and 0.42 V, respectively (see supplementary
material). The slopes of the linear calibration curves were
used to calculate the sensitivity of f-MWCNTs–NF–PtAu
composite film for AA, EP and UA in their respective ana-
lyte solutions (Table 1). Fig. 6 depicts the cyclic and
differential pulse voltammograms obtained for AA, EP,
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Fig. 5. (A) SECM approach curves obtained with 7 lm Pt UME tip moving toward modified f-MWCNTs–NF–PtAu surface. Electrolyte solution was EP
in phosphate buffer (pH 6.75). (B) SECM images of surface of f-MWCNTs–NF–PtAu modified GC using 7 lm Pt UME tip in phosphate buffer (pH 6.75)
containing EP as redox mediator. (C) Three-dimensional view of f-MWCNTs–NF–PtAu composite film modified GC. (D) Cross-sectional view of
oxidation current along ‘‘a–a’’ dashed line shown in (B).

Scheme 2. Possible electrocatalytic reaction at f-MWCNTs–NF–PtAu in
CV (A) and SECM (B).
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and UA coexisting (AA+EP+UA mixture) at the bare and
composite film modified GCs. The electrolyte used for
electrocatalysis was 0.1 M phosphate buffer aqueous solu-
tion (pH 6.75), where the biochemical compounds are
highly stable. Fig. 6A shows the cyclic voltammograms of
the electrochemical oxidation of AA+EP+UA mixture at
f-MWCNTs–NF–PtAu composite film and bare GC elec-
trodes, with seven different individual concentrations of
analytes in AA+EP+UA mixture. The cyclic voltammo-
grams exhibited two reduction peaks and one oxidation
peak for f-MWCNTs–NF–PtAu composite film in the
absence of AA+EP+UA mixture. On the addition of
AA+EP+UA mixture, three new increase in the oxidation
peak for AA, EP, and UA appeared at Epa = 0.07, 0.29,
and 0.42 V, respectively. The peak separation between
AA and EP was 0.222 V, and the peak separation between
EP and UA was 0.131 V. An increase in the concentration
of AA+EP+UA mixture simultaneously produced an
increase in the oxidation peak current of AA, EP, and
UA with good film stability. The cyclic voltammograms
on bare GC in Fig. 6A (curve a 0) exhibited only one broad
peak for AA+EP+UA mixture, the broad peak represents
the voltammetric signals of AA, EP, and UA. Moreover,
the peak current decreased in the subsequent cycles. These
observations clearly indicated that the bare GC electrode
failed to separate the voltammetric signals of AA, EP,
and UA. The fouling effect of the electrode surface with
the oxidized products of the analytes is the reason for
obtaining the single peak for AA, EP, and UA in the



Table 1
Sensitivities and correlation coefficients of f-MWCNTs–NF–PtAu composite film for AA, EP, and UA individually and in AA+EP+UA mixture using
different techniques

Type of technique Sensitivity (lA mM�1) and correlation coefficientsa

AAb EPb UAb AA in mixturec EP in mixturec UA in mixturec

CV 88.23 (0.977) 143.0 (0.939) 153.4 (0.962) 36.24 (0.983) 587.9 (0.940) 500.4 (0.972)
DPV – – – 8.48 (0.904) 761.6 (0.903) 9.0 (0.942)

Note. Correlation coefficients are in parentheses.
a Where n = 6 for all of the data.
b Analytes from respective analyte solutions.
c Analytes from analyte mixture solution (AA+EP+UA).

Fig. 6. (A) Cyclic voltammograms of f-MWCNTs–NF–PtAu composite film in 0.1 M phosphate aqueous buffer solution (pH 6.75) with various individual
concentrations of analytes in AA+EP+UA mixture: bare GC with [AA and EP+UA] = 1.8 · 10�3 and 3.6 · 10�4 M (a 0) and [AA and EP+UA] = 0.0 and
0.0 M (a); 3 · 10�4 and 6 · 10�5 M (b); 6 · 10�4 and 1.2 · 10�4 M (c); 9 · 10�4 and 1.8 · 10�4 M (d); 1.2 · 10�3 and 2.4 · 10�4 M (e); 1.5 · 10�3 and
3 · 10�4 M (f); 1.8 · 10�3 and 3.6 · 10�4 M (g). The upper inset shows the plot of current versus concentration of EP and UA at f-MWCNTs–NF–PtAu
composite film with EP (a) and UA (b), and the lower inset shows the plot of current versus concentration of AA at f-MWCNTs–NF–PtAu composite film
with AA. (B) Differential pulse voltammograms of f-MWCNTs–NF–PtAu composite film in 0.1 M phosphate aqueous buffer solution (pH 6.75) with
various concentrations of AA and EP+UA: 1.2 · 10�3 and 6 · 10�5 M (a); 1.6 · 10�3 and 8 · 10�5 M (b); 2 · 10�3 and 1 · 10�4 M (c); 2.8 · 10�3 and
1.4 · 10�4 M (d); 3.6 · 10�3 and 1.8 · 10�4 M (e); 4.8 · 10�3 and 2.4 · 10�4 M (f). The upper inset shows the plot of current versus concentration of
EP+UA at f-MWCNTs–NF–PtAu composite film with EP (a) and UA (b), and the lower inset shows the plot of current versus concentration of AA at
f-MWCNTs–NF–PtAu composite film with AA. (C) Differential pulse voltammograms of f-MWCNTs–NF–PtAu composite film in 0.1 M phosphate
buffer aqueous solution (pH 6.75) with various concentrations of AA in the presence of [EP+UA] = 4 · 10�4 M: [AA] = 3 · 10�3 M (a); 3.6 · 10�3 M (b);
4.2 · 10�3 M (c); 4.8 · 10�3 M (d); 6 · 10�3 M (e); 6.6 · 10�3 M (f); 7.8 · 10�3 M (g). The inset shows the plot of current versus concentration of AA at
f-MWCNTs–NF–PtAu composite film with AA.
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mixture [48]. The upper inset of Fig. 6A shows a plot of the
concentration of EP and UA versus current at
f-MWCNTs–NF–PtAu composite film, where curves a
and b represent linear concentration increase of EP and
UA in the solution mixture of three analytes. The lower
inset of Fig. 6A shows a plot of the concentration of AA
versus current at f-MWCNTs–NF–PtAu composite film,
where the curve represents different concentrations of
AA. From the slopes of those linear calibration plots, the
sensitivity of f-MWCNTs–NF–PtAu composite film for
AA, EP, and UA in AA+EP+UA mixture was calculated
as shown in Table 1. Scheme 2A shows different possible
interactions involved in the oxidation of AA, EP, and

w

UA at f-MWCNTs–NF–PtAu composite modified elec-
trode in 0.1 M phosphate buffer electrode (pH 6.75).

Fig. 6B shows the differential pulse voltammograms
obtained at f-MWCNTs–NF–PtAu composite film modi-
fied electrode during the simultaneous change of the con-
centrations of AA+EP+UA mixture (curves a–f) at
similar conditions. The differential pulse voltammograms
were recorded at a constant time interval of 2 min with
nitrogen purging before the start of each experiment. They
demonstrated that the calibration curves for AA, EP, and
UA were linear for a wide range of concentrations: 1.2 to
4.8 mM for AA and 0.06 to 0.24 mM for EP and UA. Even
the lowest concentrations (0.02–0.16 mM for EP and UA)
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were achieved by using linear sweep voltammetric (LSV)
measurements (see supplementary material). These were
one of the lowest and widest concentrations ever used for
the detection of AA, EP, or UA in the aqueous solution.
Interestingly, the peak currents for EP and UA increased
linearly with the increase of EP and UA concentrations,
whereas the peak current for AA did not increase. This
phenomenon could have occurred due to the diffusion of
EP and UA through the composite film being much faster
compared than that of AA. Furthermore, in the EP oxida-
tion case, it was supposed to be equal to the rate of diffu-
sion for AA and UA; however, it is controversial. This
can be explained as the electrostatic attractive effect
between the positively charged EP species and the nega-
tively charged fixed sites on the f-MWCNTs, facilitating
the faster diffusion of EP into f-MWCNTs–NF–PtAu com-
posite film. The upper inset of Fig. 6B is a plot of current
versus concentration of EP and UA in AA+EP+UA mix-
ture. The lower inset of Fig. 6B is a plot of current versus
concentration of AA in AA+EP+UA mixture. By compar-
ing these figures, the diffusion effect was clearly noticed.
Those plots were also used for calculating the sensitivity
of f-MWCNTs–NF–PtAu composite film using the DPV
technique for the analytes in the mixture (Table 1).
Fig. 6C exhibits the differential pulse voltammograms
obtained for the different concentrations of AA (curves
a–g) at f-MWCNTs–NF–PtAu composite film in the pres-
ence of a 0.4 mM concentration of EP and UA in the elec-
trolyte solution. The voltammetric peak corresponding to
the oxidation of AA increased linearly in consonance with
the increase of the bulk concentration of AA, whereas the
peak current for oxidation of EP and UA decreased slightly
as the number of cycles increased. The inset of Fig. 6C is a
plot of current versus concentration of AA in AA+
EP+UA mixture, where the curve represents the concentra-
tion of AA in the solution mixture of three analytes. These
results confirmed that the responses of AA, EP, and UA at
f-MWCNTs–NF–PtAu composite film modified electrodes
were independent.

Conclusions

We have developed a novel composite material with
f-MWCNTs incorporated with nafion, nano Pt, and nano
Au at the GC, gold, and ITO electrode surfaces in aqueous
solution containing 0.5 M H2SO4 solution that was also
highly stable in phosphate buffer aqueous solution (pH
6.75). The developed composite film for the simultaneous
determination combines the advantages of ease of fabrica-
tion, high reproducibility, and sufficient long-term stability.
The EQCM confirmed the incorporation of Pt and Au onto
f-MWCNTs–NF modified GC. The SEM and AFM results
confirmed the difference between the morphological data of
NF–PtAu and f-MWCNTs–NF–PtAu composite films.
The experimental method of CV and DPV with composite
film biosensor integrated into a GC presented in this article
provides an opportunity for qualitative and quantitative

www.sp
characterization and simultaneous determination of AA,
EP, and UA at physiologically relevant conditions. The dif-
ferential pulse voltammograms showed the oxidation cur-
rents of all three analytes and that they were not affected
by the conditions of these three analytes coexisting in high
concentrations. At the same time, the oxidized electrodes
alleviated fouling problems, provided good repeatability
of the voltammograms, and provided stability. The electro-
catalysis of EP was also used in SECM for obtaining the
topographic image of the composite film. Therefore, this
work establishes and illustrates, in principle and potential,
a simple and novel approach for the development of a
simultaneous AA, EP, and UA voltammetric sensor that
is based on the modified GC, ITO, and gold electrodes.
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